Human cytomegalovirus (HCMV) encodes four putative G protein-coupled receptors, including pUL78, whose rodent orthologues are known to be important for replication and spread in their hosts. To investigate the mechanism by which pUL78 contributes to viral replication and pathogenesis, we generated a derivative of the TB40/E clinical isolate of HCMV that is unable to express the receptor. Consistent with previous findings using laboratory strains of the virus, the mutant replicated normally in fibroblasts. Although laboratory strains are restricted to growth in fibroblasts, clinical isolates grow in many cell types, including epithelial and endothelial cells, in which the pUL78-deficient TB40/E derivative exhibited a growth defect. Infection with the mutant virus resulted in a significant decrease in viral RNA and protein expression. Although there was no difference in binding of the virus to the cell, we detected a delay in the entry and subsequent delivery of virion DNA and protein to the nuclei of epithelial cells following infection with the UL78 mutant virus. Taken together, our results demonstrate that pUL78 supports infection at a point after binding but before entry in epithelial cells, a cell type important for in vivo viral replication and spread.
H
uman cytomegalovirus (HCMV) is a betaherpesvirus that establishes a life-long latent infection in its host. Although infection is usually asymptomatic in healthy children and adults, it can cause serious disease in immunologically immature or compromised hosts (6) . HCMV carries approximately 200 proteins, including 4 proteins with homology to G protein-coupled receptors (GPCRs): pUL33, pUL78, pUS27, and pUS28 (1, 8) . GPCRs are a family of seven-transmembrane-domain proteins which are typically found on the cell surface and possess extracellular domains that interact with specific ligands. This interaction causes the receptor to recruit and activate a heterotrimeric G protein, and the combination of GPCR and G protein leads to the production of specific second messengers, e.g., cyclic AMP (cAMP), calcium, and phosphoinositides, that induce downstream signaling cascades (12) . GPCR signaling modulates numerous cellular functions, including adhesion, migration, proliferation, differentiation, apoptosis, cell survival, chemotaxis, and cytoskeletal rearrangement.
GPCRs are defined by distinct structural and sequence motifs (22) . HCMV pUL33, pUS27, and pUS28 possess these motifs. In contrast, although HCMV pUL78 satisfies the minimal requirements for inclusion in this family, it shows the lowest similarity to other known GPCRs. Thus, HCMV-encoded pUL78 and its primate and rodent CMV orthologues comprise a family of orphan GPCRs (3, 4) . To date, no signaling properties have been attributed to HCMV pUL78 or its relatives encoded by nonhuman viruses.
The rodent orthologues of HCMV pUL78 have been studied in cultured cells and within their respective hosts (3, 18) . Rat CMV (RCMV)-encoded R78 is needed for efficient viral growth in smooth muscle cells and fibroblasts but is dispensable for growth in rat monocytes, macrophages, and endothelial cells. Infection of animals with an R78-deficient virus results in reduced pathogenesis and increased survival compared to those of animals infected with wild-type rat CMV (3) . A mutant derivative of murine CMV (MCMV) unable to express M78 exhibits a modest (2-to 3-fold) growth defect in cultured murine embryonic fibroblasts and a somewhat greater defect in murine macrophages (about 10-fold), and similar to the case with RCMV, mice infected with the M78-deficient mutant virus display increased survival compared to mice infected with the parental virus (18) . Taken together, these data argue that pUL78 homologues play a significant role during infection, and their requirement for successful replication is greater in some cell types than in others.
Mutational analysis has shown that HCMV pUL78 is not required for normal viral growth in fibroblasts or in a renal artery tissue culture model (15) . To investigate the possibility that the viral GPCR is needed for replication in other cell types, we generated a pUL78-deficient derivative of a clinical strain of HCMV with broad host cell tropism. We report that HCMV pUL78 is needed for efficient viral growth in both endothelial and epithelial cells. Although not required for binding, pUL78 is critical for timely entry into epithelial cells and for delivery of virion constituents to the nuclei of infected epithelial cells.
MATERIALS AND METHODS

Cells and viruses.
Primary human foreskin fibroblasts (HFFs; passages 9 to 13) were maintained in Dulbecco's modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 0.1 mM nonessential amino acids, 10 mM HEPES, 1 mM sodium pyruvate, 2 mM L-glutamine, and 100 U/ml each of penicillin and streptomycin. Human umbilical vein endothelial cells (HUVECs; passages 3 to 5) (26) were cultured in Primaria tissue culture plates (BD Falcon) and maintained in EBM-2 medium containing 2% FBS with EGM-2 supplements (Lonza). Primary retinal pigment epithelial cells (ARPE19; passages 28 to 35) (ATCC) were maintained in 1:1 DMEM-Ham's F-12 medium containing 10% FBS, 2.5 mM L-glutamine, 0.5 mM sodium pyruvate, 15 mM HEPES, 1.2 g/liter NaHCO 3 , and 100 U/ml each of penicillin and streptomycin.
A clinical, endothelial cell-tropic, bacterial artificial chromosome (BAC)-derived HCMV isolate, TB40/E-BAC (clone 4), was utilized in this study (21) . The construct was engineered to express mCherry to facilitate the monitoring of viral infection (17) . This derivative, TB40/ Ewt-mCherry, was used to generate a recombinant virus expressing a pUL78 C-terminal FLAG tag (TB40/E-mCherry-inUL78-3xF). The method to construct the epitope-tagged pUL78 protein has been described elsewhere (17) . In brief, the epitope and Kan-frt cassette were amplified by PCR from pGTE-3xFLAG-Kan-frt (17) by use of the following primers, where the underlined sequences are complementary to the pGTE-3xFLAG-Kan-frt template: forward, 5=-TGCATCGACGGCGAAA ACACCGTCGCGTCCGACGCGACGGTGACGGCATTATTAGATTAT AAAGATGATGATGATAAA-3=; and reverse, 5=-TAACGTGATTTATCT GCCACTTTTCTCCCCGCTGCCGTACAGCGCCGCCGCGGCCGCG GGAATTCGAAGTT-3=. This product was subsequently used to generate TB40/E-mCherry-inUL78-3xF by using linear recombination to substitute the tag for the Kan-frt cassette (13, 17) .
TB40/E-mCherry-inUL78-3xF was then used to generate two independent UL78 deletion mutants by galK recombineering techniques as previously described (16, 17, 29) . In brief, the galK gene was amplified by PCR using the primers 5=-GTCCCCGGAGAGGGTATATTCGTTCG GCGAGAGCGGGCGGCGGTGGTGGGTCCTGTTGACAATTAATCA TCGGCA-3= (forward) and 5=-TAACGTGATTTATCTGCCACTTTTCT CCCCGCTGCCGTACAGCGCCGCCGCTCAGCACTGTCCTGCTCCT T-3= (reverse) (the underlined sequences are complementary to the galK template). Recombination-competent Escherichia coli SW105 containing TB40/E-mCherry-inUL78-3xF was then transformed with the resulting PCR product, and clones positive for galK were selected and electroporated with an annealed complementary oligonucleotide (5=-GGGTATAT TCGTTCGGCGAGAGCGGGCGGCGGTGGTGGGTGCGGCGGCGC TGTACGGCAGCGGGGAGAAAAGTGGCAGAT-3=). Mutants were then counterselected against galK. Two mutants, TB40/E-mCherry-dlUL78-1 and TB40/E-mCherry-dlUL78-2, were validated by sequencing.
Additionally, these methods and primers were used to generate similar recombinant viruses from a second clinical, BAC-derived strain, BFXwt-GFP (16). As described above, BFX-GFP-inUL78-3xF was produced first and was then used to delete the entire UL78 open reading frame (ORF). We generated two independent deletion mutants, BFX-GFP-dlUL78-1 and BFX-GFP-dlUL78-2, and validated their mutations by sequence analysis.
Two independently derived deletion mutants were produced for each of the two clinical isolates to ensure that the manipulations did not introduce off-site mutations. Each mutant contains a deletion of the entire open reading frame, from the start to the stop codon. No difference in phenotype was evident for the two deletion mutants in either background, so we present data for TB40/E-mCherry-dlUL78-1 and BFX-GFP-dlUL78-2 throughout this article.
Viruses were propagated by transfecting primary fibroblasts with viral BAC DNA. The virus in medium and the cells were harvested when complete cytopathic effect was observed. Cells were disrupted by three freezethaw cycles, and then the virus was partially purified by centrifugation through a 20% sorbitol cushion. Virus stocks were stored in DMEM containing 5% FBS and 1.5% bovine serum albumin (BSA) at Ϫ80°C. Virus stocks were titrated on primary fibroblasts by 50% tissue culture infective dose (TCID 50 ) assay.
Multistep growth assays were performed on fibroblasts and HUVECs by infecting cells at a multiplicity of infection of 0.01 TCID 50 /cell. Multistep and single-step growth properties in ARPE19 epithelial cells were analyzed by infecting cells at multiplicities of infection of 0.1 and 1.0 TCID 50 /cell, respectively. Cells and medium were collected at various times after infection, after which cells were disrupted by three freeze-thaw cycles and cell debris was pelleted by centrifugation. Infectious virus was titrated on primary fibroblasts by monitoring the production of IE1-positive cells at 24 h postinfection (hpi), using an IE1-specific monoclonal antibody (clone 1B12) (30) and a fluorescently labeled secondary antibody (Molecular Probes). Three random fields were quantified for positive cells, as previously described (17, 23) .
Viral RNA and protein assays. To assess viral RNA expression, ARPE19 cells were infected at a multiplicity of infection of 0.5 TCID 50 / cell. At various times after infection, cells were washed and harvested and RNA was extracted with TriReagent (Sigma). cDNA was generated from 1 g of RNA by use of TaqMan reverse transcription (RT) reagents (Roche). Equal volumes of cDNA were then used for quantitative PCR (qPCR), using primers specific for UL123 (forward, 5=-GCCTTCCCTAAGACCA CCAAT-3=; and reverse, 5=-ATTTTCTGGGCATAAGCCATAATC-3=), UL44 (forward, 5=-TACAACAGCGTGTCGTGCTCCG-3=; and reverse, 5=-GGCGTGAAAAACATGCGTATCAAC-3=), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (forward, 5=-ACCCACTCCTCCAC CTTTGAC-3=; and reverse, 5=-CTGTTGCTGTAGCCAAATTCGT-3=). Samples were analyzed in triplicate and normalized to GAPDH levels.
To monitor the expression of viral proteins by Western blot assay, fibroblasts, ARPE19 cells, or HUVECs were infected with either wild-type or mutant virus at a multiplicity of infection of 0.5 TCID 50 /cell. Where indicated, cells were maintained in medium containing 100 g/ml phosphonoacetic acid (PAA) from the end of the adsorption period until lysates were prepared. At the indicated times after infection, cells were harvested and lysed in RIPA buffer, and equal amounts of protein were analyzed by Western blotting. The primary antibodies used included anti-IE1 (clone 1B12) (30), anti-pUL99 (clone 10B4-29) (20) , and anti-pp65 (clone 8A8) (2), all diluted 1:100; anti-UL44 (Virusys), diluted 1:2,500; anti-tubulin (Sigma), diluted 1:5,000; and anti-FLAG M2 (Sigma), diluted 1:7,500. A horseradish peroxidase (HRP)-conjugated goat antimouse secondary antibody was used in all immunoblots, diluted 1:10,000 (Jackson Laboratory).
Protein localization was analyzed by immunofluorescence assay of fibroblasts or epithelial cells grown on coverslips and infected at a multiplicity of infection of 0.5 TCID 50 /cell or 10 TCID 50 /cell, as indicated (17) . At various times postinfection, cells were washed with phosphate-buffered saline (PBS), fixed with 2% paraformaldehyde, and permeabilized with 0.1% Triton X-100. Slides were blocked at 4°C in 2% BSA in PBS plus 0.2% Tween until samples from all time points were collected, and then the slides were probed with anti-FLAG M2 (Sigma) diluted 1:500 in blocking buffer. Samples were next treated with Alexa 488-conjugated antimouse secondary antibody (Molecular Probes) diluted 1:1,000 and with Hoechst dye (Sigma) diluted 1:10,000. Slides were mounted with SlowFade reagent (Molecular Probes), and images were collected using a Zeiss LSM 510 confocal microscope.
Assay for virion binding and entry and nuclear localization of input virion components. To determine relative efficiencies with which wildtype and mutant viruses bind cells, ARPE19 cells were preincubated in medium comprised of equal portions of DMEM and Ham's F-12 medium without serum for 1 h at 4°C. Virus (0.1 TCID 50 /cell) was added to cells and adsorbed for 1 h at 4°C. Cultures were then washed twice with PBS at 4°C, harvested by scraping, pelleted by centrifugation, and stored at Ϫ80°C until assayed. As a control, separate infected cultures were washed twice with PBS at 4°C and immediately incubated with trypsin (100 g/ ml) for 15 min at 37°C (27) . Soybean trypsin inhibitor (100 g/ml; Sigma) was then added, and the cells were harvested, pelleted, washed, and stored at Ϫ80°C.
To assess entry, cells were infected as described above at 4°C, washed twice with PBS at 4°C, fed with fresh medium, and incubated at 37°C. After 15 min, 45 min, or 120 min, cultures were washed twice with PBS, followed by trypsin treatment as described above, and cell pellets were collected and subsequently stored at Ϫ80°C. As a control, separate infected cultures were treated with trypsin immediately after adsorption at 4°C, washed twice with PBS at room temperature, replated, and then, 5 h later, washed twice with PBS, harvested, pelleted, and stored at Ϫ80°C.
Binding and entry were also monitored by thin-section electron microscopy (TEM). ARPE19 cells were infected (50 TCID 50 /cell) at 4°C for 1 h, washed twice with PBS and once with serum-free medium at 4°C, and then incubated in serum-free medium at 37°C for 15 min to allow entry (27) . Cells were then washed once in PBS at 37°C and fixed for 5 min at 37°C, followed by fixation overnight at 4°C in 4% paraformaldehyde-2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer. Samples were then washed with sodium cacodylate buffer (0.2 M, pH 7.3) three times, after which they were incubated for 1 h at 4°C in 1% osmium tetroxide. Samples were washed as described above, rinsed with maleate buffer (pH 5.1), and then stained with 1% uranyl acetate in maleate buffer for 1 h. The samples were next dehydrated in ethanol, washed three times with propylene oxide, and infiltrated in 1:1 propylene oxide and Eponate-12 epoxy resin (Ted Pella, Inc.) at room temperature overnight, after which the medium was exchanged for Eponate-12 epoxy resin (Ted Pella, Inc.) for an additional 5 h at room temperature. The samples were then embedded and polymerized overnight. Ultrathin sections of 85 nm were cut with a diamond knife and stained with uranyl acetate and lead citrate. Images were collected on a Philips CS12/STEM electron microscope (FEI Company) operated at 60 kV and fitted with an SC100W fiber-optically chargecoupled device (CCD) camera capable of 11 megapixels (Gatan, Inc.).
To assess the association and entry of the viral genome in cells, DNA was extracted using a blood and cell culture DNA miniprep kit (Qiagen), and viral DNA was quantified by qPCRs using primers for UL123 (see above) and the cellular MDM2 gene (forward, 5=-CCCCTTCCATCACA TTGCA-3=; and reverse, 5=-AGTTTGGCTTTCTCAGAGATTTCC-3=). All samples were analyzed in triplicate, and the number of viral genomes was normalized to the MDM2 level.
Delivery of the virion tegument protein pUL83 (pp65) to the nucleus was assayed by infecting ARPE19 cells or fibroblasts at a multiplicity of infection of 0.1 TCID 50 /cell. Virus was adsorbed for 1 h at 37°C, after which cultures were washed twice with PBS and fed with fresh medium. The number of pUL83-positive nuclei was assayed by immunofluorescence assay as previously described (2) . Cells were fixed in ice-cold methanol and stained using an anti-pUL83 antibody (clone 8A8) (2) diluted 1:10 followed by a DyLight-488-conjugated goat anti-mouse secondary antibody (Pierce) diluted 1:1,000 and Hoechst dye (Sigma) diluted 1:10,000. Five random fields were visualized to quantify the number of pUL83-positive nuclei.
In parallel, ARPE19 cells were infected with either wild-type or mutant virus at a multiplicity of infection of 0.5 TCID 50 /cell and harvested at 10 hpi, and nuclei were isolated. Cell pellets were resuspended in buffer A (10 mM HEPES, pH 7.5; 5 mM MgCl 2 ; 15 mM KCl; 1 mM phenylmethylsulfonyl fluoride [PMSF] ) and lysed three times by freeze-thawing. The suspension was passed through a 27-gauge needle, and a 0.5ϫ volume of 50% sucrose was added to the homogenate. The suspension was centrifuged at 16,000 ϫ g, the nuclei were then resuspended in buffer A and sonicated on ice, and the debris was pelleted at 16,000 ϫ g. Viral genomes were then quantified by qPCRs using primers for UL123 and the cellular MDM2 gene. Each sample was analyzed in triplicate, and viral genome copies were normalized to the MDM2 level.
RESULTS
pUL78 localizes to distinct structures late after infection and copurifies with virions. To characterize the expression and localization of pUL78, we generated a derivative of TB40/EwtmCherry (17) expressing a pUL78 fusion protein. The variant, termed TB40/E-mCherry-inUL78-3xF, expresses pUL78 with three tandem FLAG epitopes fused to its C terminus (pUL78-3xF) (see Fig. 2A ). We infected fibroblasts at a multiplicity of infection of 0.5 TCID 50 /cell, harvested cells after various time intervals, and analyzed the expression of the viral GPCR by immunoblot assay for the FLAG epitope. pUL78-3xF expression was maximal at late times after infection, and the majority of the protein migrated as an approximately 45-kDa band, with minor amounts of highermolecular-mass species that likely represent differential glycosylation (Fig. 1A) . Additionally, at later times, a smaller band of approximately 28 kDa was evident (Fig. 1A and 2C ). Our lab previously reported a similar banding pattern for murine cytomegalovirus pM78, the mouse orthologue of HCMV pUL78 (18) . We also observed the more rapidly migrating band for the HCMV FIX clinical isolate (Fig. 1B) , although the pUL78 proteins migrated differently for TB40/E compared to FIX (pUL78 differs at 3 amino acids between the two strains). This smaller species is pUL78 specific, as it is absent from viruses lacking the UL78 ORF (Fig. 2C) . It might be an inactive C-terminal breakdown product, or it could perform an as yet unknown function. Accumulation of pUL78-3xF and the smaller, 28-kDa species was sensitive to PAA (Fig. 1A) , which inhibits viral DNA replication. Earlier work had judged UL78 RNA to accumulate with early kinetics (7). Subsequent transcriptional mapping showed that the pUL78 coding region is contained within 1.8-and 5.5-kb RNAs (28) . The smaller RNA is present beginning early after infection and is resistant to PAA, whereas the longer species is found during the late phase and is sensitive to PAA (15, 28) . Our data demonstrate that pUL78 accumulation is sensitive to PAA, and therefore the protein accumulates with late kinetics. In light of the earlier data, we anticipate that pUL78 is made exclusively from the larger RNA species spanning the UL78 open reading frame.
We next examined the localization of the protein by immunofluorescence assay after infection of fibroblasts with TB40/EmCherry-inUL78-3xF. Early after infection, pUL78-3xF displayed a diffuse staining pattern throughout the cell (Fig. 1C) . However, by 96 hpi, a substantial portion of pUL78 localized to distinct cellular structures that appeared to partially coincide with the viral assembly zone (20) . We did not observe staining for pUL78 on the cell surface of the infected fibroblasts. This finding is consistent with previous data from our laboratory detailing the localization of another HCMV GPCR, pUS27 (17) , as well as with reports from other investigators who have described the rapid internalization of the viral GPCRs (11, 25) , including pUL78 (24) . Importantly, we do not believe that the addition of the epitope tag altered pUL78 function, as the growth of TB40/E-mCherry-inUL78-3xF was similar to that of TB40/Ewt-mCherry in a variety of cell types (Fig.  3A, lower right panel) .
The finding that pUL78 partially localizes to a juxtanuclear structure late during infection is consistent with its presence in the assembly compartment and predicts that the GPCR could be incorporated into the mature virion. Similar to what was observed with the MCMV M78 orthologue (18), HCMV pUL78 was associated with partially purified preparations of virus (Fig. 1D) . The major isoform of pUL78 that copurified with virions was the 45-kDa species; only a small amount of the 28-kDa moiety was present.
pUL78-deficient virus displays growth defects in epithelial and endothelial cells. To assess the requirement for pUL78 during infection, we generated two independent mutants in which we deleted the entire UL78 ORF, termed TB40/E-mCherry-dlUL78-1 and TB40/E-mCherry-dlUL78-2 ( Fig. 2A) . The production and analysis of two independently derived mutants reduced the likelihood of off-target mutations contributing to observed pheno-types. The two mutants produced identical results in all of our tests, so we present data for just one of them, TB40/E-mCherrydlUL78-1. The mutants were generated in the TB40/E-mCherryinUL78-3xF background, allowing us to readily confirm the loss of pUL78 accumulation by using a FLAG tag-specific antibody to monitor expression of the protein by immunofluorescence and immunoblot assays (Fig. 2B and C) . To evaluate the growth of the mutant in fibroblasts, cells were infected (0.01 TCID 50 /cell) with mutant and wild-type viruses, and the production of infectious progeny was monitored. The pUL78-deficient mutant grew to titers similar to those of its wild-type counterpart (Fig. 3A, upper  left panel) , demonstrating, in agreement with an earlier report (15) , that the expression of pUL78 is not required for normal replication in fibroblasts.
To determine if pUL78 was required for efficient virus replication in other cell types, endothelial (HUVECs) and epithelial (ARPE19) cells were infected (0.01 TCID 50 /cell and 0.1 TCID 50 / cell, respectively). The loss of pUL78 reduced the production of virus in both cell types. We observed a 5-fold defect for the mutant in endothelial cells (Fig. 3A , upper right panel), with a greater defect, approaching 100-fold, in epithelial cells (Fig. 3A, lower left  panel) . To test the effect of input multiplicity on the growth defect, we infected ARPE19 cells at 1.0 TCID 50 /cell. Under these conditions, the mutant virus displayed a 10-fold reduction in yield (Fig.  3A , lower right panel), indicating that its growth defect is multiplicity dependent in ARPE19 cells. Importantly, this growth phenotype is not strain dependent. We generated BFX-GFP-inUL78-3xF and BFX-GFP-dlUL78 recombinant viruses from BFXwtGFP. We then infected HFFs and ARPE19 cells with these constructs, at a multiplicity of infection of 0.01 TCID 50 /cell or 0.1 TCID 50 /cell, and confirmed that the pUL78 deletion virus grows to wild-type titers in fibroblasts (Fig. 3B, left panel) but displays a defect in viral production in epithelial cells (Fig. 3B, right panel) . These results confirm a pUL78 requirement for efficient replication within cells known to be important for HCMV replication and spread in vivo.
pUL78 is required for efficient accumulation of viral proteins and RNA in epithelial and endothelial cells. We next asked if pUL78 is required for the accumulation of other viral proteins. To this end, we infected fibroblasts, HUVECs, or ARPE19 epithelial cells (0.5 TCID 50 /cell) and assayed viral proteins by Western blotting after various time intervals. Consistent with the growth analysis, the viral proteins tested accumulated normally in fibroblasts infected with the pUL78-deficient virus (Fig. 4A) . However, we observed a substantial decrease in both IE1 protein (immediateearly protein) and pUL44 (early protein) for TB40/E-mCherrydlUL78-1 compared to its wild-type parent in HUVECs (Fig. 4B ) and ARPE19 cells (Fig. 4C).   FIG 1 pUL78 is a late protein that is partially localized to juxtanuclear structures in fibroblasts and copurifies with virions. (A) FLAG-tagged pUL78 accumulates during the late phase of TB40/E-mCherry-inUL78-3xF infection, and its accumulation is dependent on viral DNA replication. Fibroblasts were infected (0.5 TCID 50 /cell), and whole-cell lysates were immunoblotted for the FLAG epitope tag to detect pUL78-3xF. A separate culture was treated with PAA after adsorption and collected at 72 hpi. To ensure equal loading, lysates were assayed for ␣-tubulin (␣-tub). (B) Expression of FLAG-tagged pUL78 after infection with a different HCMV clinical isolate. Fibroblasts were infected (0.5 TCID 50 /cell) with either TB40/E-mCherry-inUL78-3xF (T) or BFX-GFPinUL78-3xF (F). Lysates were collected at 96 hpi and immunoblotted for the FLAG epitope. ␣-Tubulin is shown as a loading control. M, mock. (C) Immunofluorescence detection of pUL78-3xF following TB40/E-mCherry-inUL78-3xF infection. Fibroblasts were infected (0.5 TCID 50 /cell) with TB40/EmCherry-inUL78-3xF and then fixed and permeabilized after various time intervals. mCherry (red) is shown as a marker of infection. pUL78-3xF expression was assayed with an antibody directed to the FLAG epitope (green), and nuclei were stained with Hoechst dye (blue). (D) pUL78 copurifies with virions. TB40/Ewt-mCherry (TB40/Ewt) or TB40/E-mCherry-inUL78-3xF (inUL78-3xF) virions were partially purified by centrifugation through a 20% sorbitol cushion. The presence of pUL78-3xF was assessed by immunoblot assay with an antibody to the FLAG epitope. The tegument protein pUL83 is shown in the lower panels as a loading control.
Next, ARPE19 cells were infected with mutant and wild-type viruses (0.5 TCID 50 /cell), RNAs were isolated at various times after infection, and the accumulation of UL123 (IE1; immediate early) and UL44 (early) RNAs was assayed by qRT-PCR. The pUL78-deficient virus yielded reduced UL123 and UL44 RNA levels compared to those of the wild-type virus at all times tested ( Fig. 5A and B) , arguing that pUL78 functions during infection, prior to the accumulation of immediate-early viral RNA. pUL78 functions after binding and before entry into epithelial cells. Since pUL78 is a membrane protein and copurifies with virions ( Fig. 1D) , we hypothesized that it might be involved in particle binding and/or entry into ARPE19 cells. To test for binding, we adsorbed virus to ARPE19 cells (0.1 TCID 50 /cell) at 4°C for 1 h, washed the cells twice with PBS at 4°C, isolated DNA, and assayed for viral DNA by qPCR. There was no difference in the amounts of mutant and wild-type virion DNAs that became cell bound (Fig. 6A) . As a control, a duplicate culture infected at 4°C for 1 h with wild-type virus was treated with trypsin prior to isolation of DNA. This treatment reduced the amount of viral DNA by a factor of about 8, confirming that the preponderance of viral DNA was present in virions that had not yet entered the cell and supporting the conclusion that pUL78 is not required for efficient adsorption of HCMV to epithelial cells.
Next, the 4°C binding protocol was repeated and followed by a 15-, 45-, or 120-min incubation at 37°C to allow entry of virus bound to the cell surface. Cells were then treated with trypsin to remove virions remaining exposed on the cell surface, and DNA was isolated and assayed for internalized viral DNA by qPCR. At 15 and 45 min, about 50% less viral DNA was cell associated after infection with the mutant than after infection with wild-type virus, and at 2 h the amounts of cell-associated viral DNA were similar for the two viruses (Fig. 6B) . Importantly, when cells were treated with trypsin immediately after the 4°C adsorption period and then warmed to 37°C for 5 h before isolation of DNA, about 80-fold less viral DNA remained cell associated when either the mutant or wild-type virus was assayed (Fig. 6B, control bars) . This control confirmed the ability of the trypsin treatment to remove virions that were bound to the cell surface but not internalized. We conclude that the association of the virion with the cell is altered between 45 min, when a portion of virus particles can still be removed by trypsin, and 120 min, when virions are no longer removed by the protease. Presumably, virions have entered the cell by 120 min, but it is also possible that the association of the virion with the cell surface changes with time so that virions on the cell surface cannot be removed.
We employed electron microscopy as a second approach to monitor the fate of mutant virus particles at the start of infection (Fig. 7) . ARPE19 cells were infected at 4°C for 1 h (50 TCID 50 /cell) and then washed, fed with medium at 37°C, and held for an additional 15 min. Although numerous wild-type virions were evident within intracellular vesicles, mutant particles remained outside the cell, in the vicinity of the plasma membrane, supporting the conclusion that internalization of virus particles is delayed when pUL78 is not present in the virion envelope.
If entry of mutant particles is delayed, then the nuclear accumulation of virion tegument proteins and DNA should also be delayed. To test this prediction, ARPE19 cells were infected (0.1 TCID 50 /cell) with wild-type or pUL78-deficient virus and fixed after various time intervals, and the localization of pUL83 was assayed by immunofluorescence assay. This abundant constituent of virions rapidly moves to the nucleus after infection (2). Although there was no difference in the delivery of the protein to the nuclei of fibroblasts by mutant or wild-type particles (Fig. 8A) , we found a significant delay in ARPE19 cells (Fig. 8B) . To confirm that we were assaying the localization of input pUL83 (a late protein) before newly synthesized pUL83 accumulated within in- showing the wild-type UL78 locus of TB40/Ewt-mCherry (UL78), the locus in TB40/E-mCherry-inUL78-3xF expressing FLAG-tagged pUL78 (inUL78-3xF), and the deleted region in TB40/E-mCherry-dlUL78-1 (dlUL78). TR, terminal repeat; IR, internal repeat; U, unique; L and S, long and short, respectively. (B and C) Loss of pUL78-3xF expression in TB40/E-mCherry-dlUL78-1 as assayed by immunofluorescence assay (B) and Western blotting (C). Fibroblasts were infected (0.5 TCID 50 /cell) with either inUL78-3xF or dlUL78-1 and analyzed at 96 hpi. In the immunofluorescence images, pUL78-3xF (green) is identified via its FLAG epitope, mCherry (red) is shown as a marker for infection, and the nuclei (blue) are stained with Hoechst dye. For the immunoblot, lysates were additionally assessed for expression of a viral protein (IE1) and ␣-tubulin as loading controls.
fected epithelial cells, we infected ARPE19 cells with wild-type or mutant virus and assessed total viral DNA in the presence and absence of the HCMV DNA replication inhibitor PAA. The total amounts of DNA were similar in the presence and absence of the drug (Fig. 8C) , and the drug was active, as it inhibited expression of a late protein (Fig. 1A) . This experiment demonstrates that neither viral DNA nor de novo pUL83 accumulation had begun. Therefore, the lower levels of pUL83 nuclear accumulation in ARPE19 cells can be attributed to a delay in accumulation of input levels of this tegument protein (Fig. 8B) .
We also assayed the efficiency with which virion DNA reached the nucleus in the absence of pUL78. ARPE19 cells were infected (0.1 TCID 50 /cell) with TB40/E-mCherry-dlUL78-1 or its wildtype parent, and nuclei were prepared 10 h later. Nuclei prepared from cells infected with the mutant contained less than half the amount of viral DNA seen in nuclei from wild-type virus-infected cells (Fig. 8D) , although total cell-associated viral DNA remained at wild-type levels (Fig. 8C) .
Finally, to ensure that this phenotype was not due to localization differences of pUL78 in epithelial cells, we compared the cellular distribution of inUL78-3xF in fibroblasts and epithelial cells at early and late times postinfection and confirmed that pUL78 displayed similar cellular localizations in the two cell types at 2 (Fig. 8E) and 72 (Fig. 8F) hpi.
Taken together, our results argue for a role of pUL78 in the entry of virion constituents into epithelial cells.
DISCUSSION
The establishment of an efficient and productive HCMV infection requires a coordinated series of events, from binding and entry at the host cell surface to initiation of the cascade of viral gene transcription, subsequent translation of viral proteins, and assembly of infectious particles. The primary finding in this study is a requirement for pUL78 for timely entry of virion constituents into epithelial cells and subsequent delivery of a virion protein and viral DNA to the nuclei of epithelial cells.
There are multiple instances where an HCMV mutant lacks an observable phenotype in one cell type but displays a significant growth defect in cells of a different tissue origin (10, 17, 26) . Consistent with this precedent, we have identified a cell type-specific role for pUL78. A pUL78-deficient derivative of the TB40/E clinical isolate generated a 5-fold-reduced yield in endothelial cells and 100-fold less virus in epithelial cells than those seen for wildtype virus (Fig. 3) . The protein acts early during infection, as it is required for efficient accumulation of immediate-early (IE1) RNA (Fig. 5) and protein (Fig. 4) . Although pUL78 copurifies with viral particles (Fig. 1D) , it is not required for binding to epithelial cells (Fig. 6A) . However, pUL78 is needed for the efficient and timely entry of the virion into epithelial cells (Fig. 6B and 7) , as well as for the timely delivery of at least one virion protein, pUL83, and the viral genome to the nuclei of epithelial cells (Fig. 8) .
Another HCMV-encoded GPCR, pUS27, also exhibits cell type-dependent growth properties (17) . However, in contrast to pUL78, pUS27 functions late during infection to support virus spread by the extracellular route. It is important for growth in fibroblasts and endothelial cells, where the virus spreads mainly through the extracellular route, but dispensable for growth in epithelial cells, where the main route of transmission is cell-to-cell spread.
How does pUL78 facilitate entry into epithelial cells, and why is it not needed in fibroblasts? HCMV enters fibroblasts and epithelial cells by different mechanisms. The enveloped virus enters fibroblasts by fusing with the plasma membrane (9), but it enters To monitor viral entry, infected cultures were shifted to 37°C for various time intervals following the 4°C washes. Virions that did not enter the cell were removed by trypsin treatment. As a control, cells were treated immediately following the 4°C incubation and returned to 37°C for 5 h to ensure that the trypsin treatment efficiently removed bound virus. Samples were assayed by qPCR in triplicate and normalized to the level of the cellular MDM2 gene.
epithelial cells by endocytosis (5, 19, 27) . Within epithelial cells, the virion escapes from the endosome into the cytoplasm via a poorly understood pH-dependent membrane fusion event (19, 27) . Since pUL78 is not required in fibroblasts but is needed in epithelial cells, it might function after binding at the cell surface to stimulate endocytosis, a complex process involving multiple pathways that is known to be modulated by numerous enveloped and nonenveloped viruses (14) . Indeed, pUL78 (24) and the other HCMV GPCRs (11) are rapidly endocytosed from the cell surface. This interpretation is consistent with the failure of cell surfaceassociated mutant virions to enter epithelial cells as rapidly as wild-type particles ( Fig. 6B and 7) .
It is noteworthy that after 2 h at 37°C, pUL78-deficient virions became as resistant as wild-type virus to removal from cells by trypsin treatment (Fig. 6B) , while the mutant continued to exhibit a delay in nuclear accumulation of virion DNA and protein at 10 hpi ( Fig. 8B and D) . If the virion has become internalized by 2 hpi, why are delays in nuclear accumulation of virion constituents evident at much later times? It is possible that resistance to trypsin treatment does not necessarily reflect internalization of virus particles, but rather results from a change in accessibility to trypsin of particles that remain outside the cell. If this is the case, then the entry of mutant particles could be delayed for a longer period than that suggested by the trypsin treatment, explaining the longer delay observed for nuclear accumulation of virion constituents. Alternatively, pUL78-deficient particles might enter cells aberrantly and, as a result, suffer delays in additional very early events. Finally, pUL78 might function at multiple stages of the entry process, perhaps initially stimulating endocytosis and subsequently facilitating movement of the tegumented capsid from the endosome to the cytoplasm. pUL78 could function directly, likely in concert with other viral glycoproteins, to execute the fusion event. Alternatively, the protein might function by signaling, even though no signaling capability has yet been attributed to the GPCR homologue. It could be deposited on the cell surface through endosomal recycling after the protein has been deposited into the endosomal membrane by the fusion event. pUL78 signaling could then facilitate movement of viral proteins and DNA to the nucleus.
In conclusion, we have demonstrated a cell type-dependent role for pUL78 at the start of infection, and our results provide a the nuclei of infected ARPE19 cells but not fibroblasts. Cells were infected (0.1 TCID 50 /cell) with TB40/Ewt-mCherry (TB40/Ewt) or TB40/E-mCherrydlUL78-1 (dlUL78-1). HFFs (A) and ARPE19 cells (B) were fixed at the indicated times and stained for pUL83, and the number of pUL83-positive nuclei as well as the total cell number in each of five fields was counted. Whole-cell (C) or nuclear (D) DNA was prepared from ARPE19 cells at the indicated times after infection, DNA was extracted, and the relative number of viral genomes was quantified by qPCR using primers specific for UL123. Each sample was analyzed in triplicate and normalized to the MDM2 level. pUL78-3xF displayed perinuclear staining at 2 (E) and 72 (F) hpi in fibroblasts and epithelial cells. HFFs and ARPE19 epithelial cells were infected (10 TCID 50 /cell for 2-hpi samples and 0.5 TCID 50 /cell for 72-hpi samples) with TB40/E-mCherryinUL78-3xF (inUL78-3xF). pUL78-3xF expression was assessed by an immunofluorescence assay using an antibody for the FLAG epitope. mCherry could not be detected at 2 hpi. Green, FLAG; blue, Hoechst dye. framework for further dissection of the very earliest stages of the infectious process.
